Summary. The trimethylsilyl-protected phosphinimines (9-anthracenyl)Ph 2 P=NSiMe 3 and (1-naphthyl)Ph 2 P=NSiMe 3 and the ion pairs [(9-anthracenyl) • , Z = 4.
Introduction
Technetium-99 is produced in 6% yield from the thermal neutron fission of 235 U and 239 Pu, and emits a 0.292 MeV β − with a half-life of 2.15 × 10 5 years. Technetium-99 (has entered the environment at current and former nuclear sites across the United States as a result of both known releases of radioactive materials in the past and the current leakage of stored radioactive waste. Although large quantities of technetium are present in the environment, the actual concentration is extremely low due to dilution effects. Samples analyzed for technetium contamination must undergo manual chemical separation to pre-concentrate the technetium. There are a wide variety of analytical methods available to detect technetium once it has been pre-concentrated [1] [2] [3] [4] [5] , with times for chemical separation plus analysis often ranging from weeks to months depending on the total number of samples. Development of a sensor for rapid detection and quantitation of 99 Tc would be useful.
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The major environmental form of 99 Tc is pertechnetate, 99 TcO 4 − , a tetrahedral anion with a low charge density that makes it mobile in the environment [6] . This property also makes 99 TcO 4 − difficult to detect, since it does not bind strongly to most reagents. A pertechnetate sensor would require strong and selective binding (i.e., minimal or no competition from environmental anions such as chloride, nitrate, phosphate, sulfate, and humic acid) and a signal indicating its binding.
One method currently under development that attempts to pre-concentrate and detect 99 TcO 4 − in one step is sequential injection analysis [7] [8] [9] , which combines the anion exchange extractant tricaprylylmethylammonium chloride (Aliquat-336) coated on a resin together with the primary and secondary scintillators 2,5-diphenyloxazole (PPO) and 1,4-bis(2-methylstyryl)benzene (bis-MSB), respectively [8] . The Aliquat-336 extracts and concentrates TcO 4 − , while PPO and bis-MSB scintillate in the presence of its beta emission. Aliquat-336 has been shown to be selective for in the presence of radionuclides such as 90 Sr and 137 Cs, but not in environmental samples with other anions present.
Trimethylsilyl-protected triphenylphosphinimine, Ph 3 P= N−SiMe 3 , extracts TcO 4 − and ReO 4 − from aqueous solution to form the ion pair [Ph 3 4 − ] have been reported [10, 11] , and preliminary studies with Ph 3 P=NSiMe 3 showed the phosphiniminium cation Ph 3 P=NH 2 + to be highly selective for TcO 4 − even in the presence of other anions [12, 13] . The selectivity of the triphenylphosphiniminium cation for TcO 4 − suggests that phosphinimines may be suitable for pre-concentration of TcO 4 − and possibly for quantitation with optimized R groups present on the phosphorus.
Our previous work with triphenylphosphinimine has been extended to include two new derivatives in which one of the phenyl groups has been replaced with the potential reporter groups, anthracenyl and naphthyl, which are known scintillators [14] . The synthesis and characterization of these two new trimethylsilyl-protected phosphinimines (R 2 R P=NSiMe 3 , where R = Ph, R = 9-anthracenyl (1), 1-napthyl (4) 
Experimental section

General considerations
Caution!
99 Tc emits a 0.292 MeV β − particle with a halflife of 2.15 × 10 5 years, 99m Tc emits a 140 keV γ -ray with a half-life of 6.0 h, and 186 Re emits a 137 keV γ -ray and a 1.07 MeV β − particle with a half-life of 90 h. Although common laboratory glassware provides adequate shielding for 99 Tc, standard radiation safety procedures must be used at all times.
99m Tc and 186 Re should be handled only in a controlled environment by qualified personnel trained in radiation safety.
Unless noted, all common laboratory chemicals were of reagent grade or better. Solvents used for non-aqueous syntheses were purchased as anhydrous Sure Seal solvents from Aldrich.
1 H-, 31 P-and 99 Tc-NMR spectra were recorded on a Bruker 250 or 500 MHz instrument at 25
• C in deuterated solvents purchased from Cambridge Isotope Laboratories. 1 • C. Ammonium perrhenate was purchased from Strem and used as a macroscopic carrier in experiments where noted. Chloroform, hydrochloric acid, nitric acid, benzoic acid, acetic acid, and sodium iodide were all used as purchased. Hydriodic acid was used as purchased, in the absence of stabilizers. Acetonitrile, diethyl ether, dichloromethane, hexane, and toluene were purchased as anhydrous solvents from Aldrich. Azidotrimethylsilane was purchased from either Aldrich or Acros. (9-Anthracenyl)diphenylphosphane (PPh 2 (9-anthracenyl)) and naphthalen-1-yl-diphenylphosphane (PPh 2 (1-naphthyl)) were prepared according to literature procedures [15, 16] . Only doubly distilled water was used. Azidotrimethylsilane (11.1 mL, 80.8 mmol) was added to PPh 2 (9-anthracenyl) (9.8 g, 27.0 mmol) dissolved in 200 mL of toluene in a dry and N 2 filled round-bottom flask. The solution was refluxed under N 2 at 110
• C for 8 days yielding (1), with an additional 5 mL of azidotrimethylsilane added each day. The excess azide was removed by vacuum distillation to yield pure, dark red-brown (1), which was then stored in a desiccator. Yield: 10.2 (1-Napthyl)Ph 2 P=NSiMe 3 (4)
Azidotrimethylsilane (8 mL, 18.0 mmol) was added to PPh 2 (1-napthyl) (5.63 g, 58.2 mmol) dissolved in 60 mL of toluene in a dry and N 2 filled round-bottom flask. The solution was refluxed under N 2 at 110
• C for 2 days yielding (4), with an additional 2 mL of azidotrimethylsilane added on the second day. The excess azide was removed by vacuum distillation to yield pure, light tan to off-white (4), which was then stored in a desiccator. Yield: 4.50 
General solid phase extraction competition procedure
These studies were carried out as previously described with minor modifications [13] . 1 or 4 (0.5 g) was sorbed onto 5 g of dried silica gel from a chloroform slurry. Following the evaporation of most of the CHCl 3 (∼ 90%), the final drying was carried out in a desiccator over 3 or more days over active Drierite to prevent hydrolysis of the trimethylsilyl-protected phosphinimine. Disposable columns (Fisher) containing small plastic frits were each filled with 0.5 g of the trimethylsilyl-protected phosphinimine (1 or 4) coated silica. One mL of the aqueous phase containing the desired anion (0.15 M) and both 99m TcO 4 − (∼ 1 µCi; ∼ 37 kBq) and 186 ReO 4 − (∼ 3 µCi; ∼ 111 kBq) was added to the top of the dry column, and allowed to elute. The effluent was collected, and the column was then washed with four 1 mL aliquots of the particular aqueous phase without radioactivity, with each fraction collected separately. All 5 column fractions and the column were then counted for radioactivity. All experiments were performed in triplicate.
Sample preparation for fluorescence and liquid scintillation studies
Stock solutions (∼10 −3 M) of (9- −5 M) were prepared by quantitatively transferring known aliquots of the ∼ 10 −3 M stock solutions and diluting to volume (10 mL total) with toluene or liquid scintillation counting (LSC) cocktail (Ecosafe cocktail). All toluene samples were analyzed by UV/Vis absorbance spectroscopy, fluorescence spectroscopy and liquid scintillation counting. Ecosafe cocktail samples were analyzed by liquid scintillation counting only. All samples were prepared the day of analysis.
UV/Vis absorbance and fluorescence measurements
A 15 W xenon arc lamp excitation source (pulsed at 80 Hz) was used for the fluorescence measurements. Samples were excited at 341 nm, and the emission was collected from 355-700 nm in 2 nm increments, using excitation and emission slit widths of 5 nm, a scan rate of 120 nm/min, and an averaging time of 0.5 s. All emission spectra were blank and absorbance corrected. Intensity data were obtained at −100
• C on a Bruker SMART CCD Area Detector system using the ω scan technique with Mo K α radiation from a graphite monochromator. Intensities were corrected for Lorentz and polarization effects. Equivalent reflections were merged, and absorption corrections were made using the multi-scan method. Space group, lattice parameters and other relevant information are given in Table 1 . The structures were solved by direct methods with full-matrix least-squares refinement, using the SHELX package [17, 18] . All non-hydrogen atoms were refined with anisotropic thermal parameters. The hydrogen atoms were placed at calculated positions and included in the refinement using a riding model, with fixed isotropic U. The final difference map contained no features of chemical significance. 
Results and discussion
Efforts to improve the selectivity of the triphenylphosphiniminium cation, Ph 3 P=NH 2 + , for extracting TcO 4 − in the presence of other anions [13] and simultaneously incorporating a reporter group has led to the synthesis and characterization of two new trimethylsilyl-protected phosphinimines and their phosphiniminium ion pairs with TcO 4 − and ReO 4 − . The selectivity of the phosphiniminium cations of (1) and (4) (containing the anthracenyl and naphthyl moieties, respectively) for TcO 4 − was investigated by challenge with a variety of anions, and the scintillation and fluorescence Scheme 1. Synthesis of (9-anthracenyl)Ph 2 P=NSiMe 3 .
Scheme 2. Synthesis of (1-napthyl)Ph 2 P=NSiMe 3 . properties
Synthesis
The trimethylsilyl-protected phosphinimines (9-anthracenyl) Ph 2 P=NSiMe 3 (1) and (1-napthyl)Ph 2 P=NSiMe 3 (4) were synthesized by refluxing PPh 2 (9-anthracenyl) or PPh 2 (1-napthyl) and N 3 SiMe 3 in toluene (Schemes 1 and 2, respectively) using 31 P NMR to monitor the reaction. Reaction of (9-anthracenyl)Ph 2 P=NSiMe 3 (1) with NH 4 
Solid phase extraction competition
Using the previously reported method [13] , silica gel columns coated with the trimethylsilyl-protected phosphinimine (in this case (9-anthracenyl)Ph 2 P=NSiMe 3 (1) or (1-naphthyl)Ph 2 P=NSiMe 3 (4)) were used to determine the selectivity of the phosphiniminium cation for pertechne- tate in competition with a variety of anions that may be present in the environment and with iodide as the positive control, rather than perchlorate [13] . The trimethylsilylprotected phosphinimines were loaded onto the silica column rather than the corresponding phosphiniminium cation so that no anions that might be evaluated were introduced. Aqueous solutions containing both 99m TcO 4 − and 186 ReO 4 − , and 0.15 M of the competitor anion (i.e., HCl, HNO 3 , HI, NaCl, NaI, sodium acetate, or sodium benzoate) were added to the columns and the eluents (including washes) were analyzed by gamma spectroscopy for radioactivity. The results are shown in Fig. 1 and Table 2 for (9-anthracenyl)Ph 2 P=NSiMe 3 (1) and Fig. 2 and Table 3 new phosphiniminium cations again showed selectivity for pertechnetate over perrhenate, which we believe to involve expansion of the coordination sphere of perrhenate that is apparently not possible for pertechnetate [13] .
Scintillation studies
The previously reported Ph 3 P=N−SiMe 3 does not contain a group capable of responding in the presence of 99 TcO 4 − to generate light emission (scintillation or fluorescence) as a result of the β − emission of 99 Tc [13] . The two new phosphinimines reported here incorporate the anthracenyl (1) and naphthyl (4) moieties, respectively, which are known scintillators [14] . These two phosphinimines were synthesized to incorporate these scintillator groups on the extractant moiety for potential sensing applications. The scintillation properties of (1)-(3) were evaluated, while those involving (4) were not due to the instability of the resultant ion pairs formed with the (1-naphthyl)Ph 2 P=NH 2 + phosphiniminium cation.
Several samples (A-J) were prepared in both toluene and liquid scintillation counting (LSC) cocktail and measured for radioactivity by LSC in both toluene and LSC cocktail (Table 4) . Toluene was selected for its energy transfer properties to the anthracenyl moiety for use in LSC, in the absence of the fluors (PPO and POPOP most likely; manufacturer proprietary information) that are present in cocktail. Before LSC cocktails were made "biodegradable", toluene was used as the solvent in LSC cocktails [14] . As expected, only background counts were observed for the samples that did not contain 99 Tc (radioactivity). The [(9-anthracenyl)Ph 2 P=NH 2 + ][ 99 TcO 4 − ] (J) at 10 −5 M had a count rate of 7900 cpm in the absence of LSC cocktail (the anthracenyl moiety acting as the fluor). Sample (H), which was 10 −5 M in both anthracene and NH 4 99 TcO 4 had a count rate about one third of that of the ion pair (J) at the same concentration. This may be due to the proximity of the anthracene to 99 TcO 4 − in sample (J), whereas in sample (H) both anthracene and 99 TcO 4 − are distributed evenly in solution, or it may be due to differences in the fluorescence properties (e.g., quantum yields, lifetimes) of the anthracenyl moiety in the phosphiniminium cation versus anthracene. Sample (I) contained a higher concen- 4 . The count rate observed for sample (I) increased compared to both samples (H) and (J) due to an increase in the fluor concentration, which increases the likelihood of a beta particle interaction with the scintillator. Sample (K) contained [9- 4 TcO 4 (sample (H)) prompted us to investigate the fluorescence properties of this ion pair (3). Given that the liquid scintillation counting cocktails were formerly made in toluene, the spectroscopic studies of dilute solutions (10 −5 M) of (9-anthracenyl)Ph 2 P=NSiMe 3 (1), its derivatives (2) and (3), and appropriate controls were also examined in this solvent. Less polar solvents, such as toluene versus acetonitrile, are less likely to suppress charge-transfer emission, noted for similar compounds [19] . Samples were prepared by diluting either acetonitrile or dichloromethane (10 −3 M) stock solutions with toluene and analyzed by UV/Vis absorption and fluorescence spectroscopy. The fluorescence emission spectra are depicted in Fig. 3 .
The fluorescence emission spectrum of anthracene has four distinct vibronic bands, noted in Fig. 3 , and serves as an experimental control. While similar structural features are present in the PPh 2 (9-anthracenyl) ligand, the spectrum is severely distorted and red-shifted. The resulting spectrum is most likely due to contributions from the original anthracene moiety superimposed on a broad, featureless emission band resulting from an excited-state complex (exciplex) formation. The absorption spectrum remains virtually unchanged, eliminating the thought of ground-state interactions. The fine (< 450 nm) and broadband (∼ 450 nm) structural features are also present to a much lesser extent in the emission spectra of the protonated form of compound (1), and compounds (2) − ] to the anthracene sample does not change the original spectrum in terms of overall spectral features or intensity.
The intense broad band centered around 450 nm is usually attributed to charge transfer, in which the phosphinimine functional group may donate electrons into the anthracene system, and such observations have been noted for similar compounds [19, 20] . However, this broad, featureless band is also seen in the protonated form of compound (1), and compounds (2) and (3), which lack the traditional lone pairs of electrons [19] .
The fluorescence results cannot be directly compared to the liquid scintillation studies because the samples that do not contain the beta emitting Tc-99 will not result in scintillation (or fluorescence). (3) were obtained as described and were stable to air and water during the analysis (and for months afterward based on NMR). Details of the X-ray structure experiments are listed in Table 1 and bond lengths and angles of interest are given in Table 5 . The struc- 
X-ray crystallography
Conclusion
Two new trimethylsilyl-protected phosphinimines and their phosphiniminium ion pairs with ReO 4 − and TcO 4 − were synthesized and characterized, both macroscopically and radiochemically. The phosphiniminium cations of (9-anthracenyl)Ph 2 P=NSiMe 3 (1) and (1-naphthyl)Ph 2 P=NSiMe 3 (4) both show excellent selectivity for TcO 4 − over other anions at the tracer level, an improvement over the previously reported phosphiniminium cation of Ph 3 P=NSiMe 3 [13] . The anthracene moiety in (9-anthracenyl)Ph 2 P=NSiMe 3 (1) is fluorescent and the signal changes in intensity when either TcO 4 − or ReO 4 − is hydrogen bonded; however, there is no useful spectral change, such as a wavelength shift. Thus (9-anthracenyl)Ph 2 P=NSiMe 3 (1) would not be use- ful as a fluorescent sensor. The anthracenyl moiety increased the count rate when hydrogen bonded to TcO 4 − versus in the presence of free anthracene in solution. Even more important, the anthracene moiety scintillated when in the presence of 99 TcO 4 − making it a possible reporter group for a scintillation sensor using this molecule. The high stability, selectivity, and ability to scintillate in the presence of 99 TcO 4 − makes (9-anthracenyl)Ph 2 P=NSiMe 3 (1) a promising fluor for use in a scintillation sensor, although more complete anion challenge studies (e.g., phosphate, carbonate) are needed. Evaluation of (9-anthracenyl)Ph 2 P=NSiMe 3 (1) in the presence of higher concentrations of 99 Tc will determine its suitability for pertechnetate separation.
